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TITLE OF THE INVENTION 
LINEAR VOLTAGE TRACKING AMPLIFIER FOR NEGATIVE SUPPLY 

SLEW RATE CONTROL 

10 

CROSS REFERENCE TO RELATED APPLICATIONS 
This application claims priority of U.S. Provisional 
Patent Application No. 60/501,006 filed September 8, 2003 
entitled LINEAR VOLTAGE TRACKING AMPLIFIER FOR NEGATIVE 
15 SUPPLY SLEW RATE CONTROL. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 
N/A 

20 

BACKGROUND OF THE INVENTION 
The present application relates generally to slew 
rate control circuitry, and more specifically to 
circuitry for controlling the slew rate of switched power 
25 supplies. 

Slew rate control circuitry is frequently employed 
in conjunction with switched power supplies. For 
example, the slew rate of a switched - power supply on a 
mother printed circuit (PC)- card is often controlled to 
30 limit the in-rush current charging bulk decoupling 
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capacitors on one or more daughter PC cards. Such slew 
rate control of the mother PC card power supply is 
necessary because excessive in-rush current can (1) 
adversely affect the operation of the switched power 
5 supply, (2) trigger unwanted system resets, and/or (3) 
disrupt system processor operation. 

A conventional approach for controlling the slew 
rate of a switched power supply employs a source-follower 
circuit configuration, in which a capacitor is connected 

10 to the gate of a Field Effect Transistor (FET) , an input 
supply voltage is connected to the drain of the FET, and 
an output supply voltage is provided across a load 
connected to the source of the FET. The capacitor is 
charged by a constant current to provide a linear voltage 

15 ramp to the gate of the FET. Because the voltage on the 
source of the FET follows the linear voltage ramp on the 
gate of the FET, slew rate control of the output supply 
voltage is achieved. In the event it is desired to 
control the slew rate of a positive output supply 

20 voltage, the source-follower typically includes an NMOS 
FET. In the event the slew rate of a negative output 
supply voltage is to be controlled, the source-follower 
typically includes a PMOS FET. 

Although the conventional source-follower circuit 

25 configuration described above has been successfully 
employed to control the slew rate of switched power 
supplies, the source-follower approach has several 
drawbacks. For example, the source-follower requires a 
charging capacitor, which can be bulky and expensive. 
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Further, when controlling the slew rate of a negative 
output supply voltage, the source-follower requires a 
PMOS FET, which can also be an expensive circuit 
component . 

5 Instead of using a PMOS FET to control the slew rate 

of the negative output supply, an NMOS FET may be 
employed. For example, another conventional circuit 
configuration has the negative input supply voltage 
connected to the source of the NMOS FET, the negative 

10 output supply voltage provided across a load connected to 
the drain of the NMOS FET, and a Miller capacitor 
connected between the gate and the drain of the NMOS FET. 
As in the conventional source-follower circuit 
configuration, a constant . current source is used to 

15 charge the Miller capacitor. However, this alternative 
circuit configuration also has drawbacks due at least, in 
part to the bulky and expensive Miller capacitor. 

It would therefore be desirable to have circuitry 
for controlling the slew rate of switched power supplies 

20 that avoids the drawbacks of the above-described circuit 
configurations . 

BRIEF SUMMARY OF THE INVENTION 
In accordance with the present invention, circuitry 
25 is provided for controlling the slew rate of a - negative 
output supply that requires neither an external capacitor 
nor a PMOS FET and therefore has reduced cost. Benefits 
of the presently disclosed slew rate control circuitry 
are achieved by employing an NMOS FET in a closed loop 
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circuit configuration, in which the slew rate of the 
negative output supply linearly tracks the slew rate of a 
master positive output supply. 

In one embodiment, the slew rate control circuitry 
5 includes an NMOS FET, a feedback resistor having first 
and second terminals connected between the drain and the 
gate of the NMOS FET, the first terminal of the feedback 
resistor being connected to the drain of the NMOS FET, an 
input resistor connected to the second terminal of the 

10 feedback resistor, level shifting circuitry connected 
between the positive output supply voltage and the input 
resistor, and a bias current source connected to the gate 
of the NMOS FET. Further, a negative input supply 
voltage is connected to the source of the NMOS FET, and 

15 the negative output supply voltage is provided across a 
load connected to the drain of the NMOS , FET . 

In the presently disclosed embodiment, the master 
positive supply voltage is controlled to ramp from 0. to 
+V S volts. As the positive supply voltage ramps from 0 to 

20 +V S , the level shifter provides a voltage to the input 
resistor that ramps from -V s to 0 volts. Because the gate 
voltage of the NMOS FET remains substantially constant as 
the voltage applied to the "input resistor ramps from -V s 
to 0 volts, the drain voltage of the NMOS FET ramps from 

25 0 to -V s , thereby providing a negative output supply 
voltage -V s with a slew rate that linearly tracks the slew 
rate of the master positive output supply. The level of 
the bias current source is selected so that the level of 
the node between the input resistor and the feedback 
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resistor is within the normal active operating region of 
the NMOS FET. 

Because of the closed loop circuit formed by the 
NMOS . FET and the feedback resistor, the presently 
5 disclosed slew rate control circuitry provides a negative 
output supply with a slew rate that linearly tracks the 
slew rate of a master positive output supply.. 

Other features, functions, and aspects of the 
invention will be evident from the Detailed Description 
10 of the Invention that follows. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
The invention will be more fully understood with 
reference to the following Detailed Description of the 
15 Invention in conjunction with the drawings of which: 

Fig. 1 is a schematic diagram of a first 
conventional slew rate control circuit configuration; 

Fig. 2 is a schematic diagram of a second 
conventional slew rate control circuit configuration; 
20 Fig. 3 is a schematic diagram of circuitry for 

controlling the slew rate of a negative output supply 
according to the present invention; 

Fig. 4 is a detailed schematic diagram of the slew 
rate control circuitry of Fig. 3; and 
25 Fig. 5 is a schematic diagram of an alternative 

embodiment of the slew rate control circuitry of Fig. 4. 
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DETAILED DESCRIPTION OF THE INVENTION 
U.S. Provisional Patent Application No. 60/501,006 
filed September 8, 2003 Attorney Docket No. TI-36859 
(UNITI-173XX) entitled LINEAR VOLTAGE TRACKING AMPLIFIER 
5 FOR NEGATIVE SUPPLY SLEW RATE CONTROL is incorporated 
herein by reference. 

Circuitry is disclosed for controlling the slew rate 
of a negative output supply. The presently disclosed 
slew rate control circuitry includes a closed loop 
10 circuit configuration that allows the slew rate of the 
negative output supply to linearly track the slew rate of 
a master positive output supply. 

Fig. 1 depicts conventional circuitry 100 for 
controlling the slew rate of a positive output supply. 
15 As shown in Fig. 1, the conventional slew rate control 
circuitry 100 employs a source-follower circuit 
configuration including an NMOS Field Effect Transistor 
(FET) Mi, a constant current source I S i, a gate capacitor 
C g , and a load resistor R L . The capacitor C g is connected 
20 between the gate of the NMOS transistor Mi and ground, a 
constant positive input supply voltage +V S i n (e.g., +V sin = 
+ 12 volts) is connected to the drain of the NMOS 
transistor Mi, and a positive output supply voltage +V S0 ut 
(e.g., +V SO ut = +12 volts) is provided across the load 
25 resistor R L connected between the source of the NMOS 
transistor Mi and ground. The current source I S i provides 
a constant current to charge the capacitor C g , thereby 
providing a linear voltage ramp to the gate of the NMOS 
transistor Mi. Slew rate control of the positive output 
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supply is achieved because the positive output voltage 
+V Sout on the source of the NMOS transistor Mi follows the 
linear voltage ramp on the gate of the transistor Mi. 

Those of ordinary skill in this art will appreciate 
5 that a source-follower circuit analogous to the slew rate 
control circuitry 100 for controlling the slew rate of a 
negative output supply typically includes at least one 
PMOS transistor (not shown) . Such conventional source- 
follower circuit configurations have drawbacks, however, 

10 due at least in part to the bulky and expensive external 
capacitors and costly PMOS transistors. 

Fig. 2 depicts conventional circuitry 200 for 
controlling the slew rate of a negative output supply. 
As shown in Fig. 2, the conventional slew rate control 

15 circuitry 200 includes an NMOS transistor M 2 , a constant 
current * source I s2 , a Miller capacitor C M , and a load 
resistor R L . The Miller capacitor C M is connected between 
the gate and the drain of the NMOS transistor M 2 , a 
constant negative input ^supply voltage -V sin (e.g., -V S i n = 

20 -12 volts) is connected to the source of the NMOS 
transistor M 2 , and a negative output supply voltage -V Sou t 
(e.g., -V Sout = -12 volts) is provided across the load 
resistor R L connected between the drain of the NMOS 
transistor M 2 and ground. The current source I s2 provides 

25 a constant current to the gate of the NMOS transistor M 2 
and the Miller capacitor C M connected thereto, thereby 
controlling the slew rate of the negative output supply. 
The conventional slew rate control circuitry 200 also has 
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drawbacks, however , due at least in part to the bulky and 
expensive Miller capacitor C M . 

Fig. 3 depicts an illustrative embodiment of 
circuitry 300 for controlling the slew rate of a negative 
5 output supply, in accordance with the present invention. 
In the illustrated embodiment, the slew rate control 
circuitry 300 includes an NMOS FET M 3 , level shifting 
circuitry 302, an input resistor R IN , a feedback resistor 
R F , a bias current source I bias* and a load resistor R L . A 

10 constant negative input supply voltage -V S i n (e.g., -V S i n = 
-12 volts) is connected to the source of the NMOS 
transistor M3, and the negative output supply voltage - 
Vsout (e.g., -Vsout = -12 volts) is provided across the load 
resistor R L connected to the drain of the transistor M3. 

15 As shown in Fig. 3, a positive output supply voltage 

+V SO ut (e.g., +V SO ut = +12 volts) is provided at a non- 
• inverting input of the level shifter 302, and a constant 
positive input supply voltage +V S i n (e.g., +V S i n = +12 
volts) is provided at an inverting input of the level 

20 shifter 302. For example, the positive output supply 
voltage +V Sout may be generated from the positive input 
supply voltage +V sin by the source-follower circuit 100 
described above with reference to Fig. 1, or any other 
suitable circuit configuration. Accordingly, the 

2 5 positive output supply voltage applied to the level 
shifter 302 is controlled to ramp up from 0 to +V SO ut 
volts . 

Because the positive input supply voltage +V sin is 
provided at the inverting input of the level shifter 302, 
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the voltage applied to the input resistor R IN (node A) 
ramps up from -V s to 0 volts as the positive output supply 
voltage ramps up from 0 to +V S . In the presently 
disclosed embodiment, the NMOS transistor M 3 is biased to 
5 maintain the transistor within its active operating 
region, and the level at node B between the input 
resistor Ri N and the feedback resistor R F remains 
substantially constant at the threshold voltage of the 
transistor M 3 , as the level at node A ramps up from -V s to 

10 0 volts. The level of the bias current source I bias is 
selected to place the level at node B within the active 
operating region of the NMOS transistor M 3 . Accordingly, 
to maintain the substantially constant voltage level at 
node B, the negative output supply voltage provided at 

15 the drain of the NMOS transistor M 3 ramps down from 0 to - 

Vsout • 

As a result, the slew rate of the negative output 
supply -Vsout linearly tracks the slew rate of the positive 
output supply +V Sout . In effect, the positive output 
20 supply +V So ut is a "master" supply, and the slew rate of 
this master supply along with the closed loop gain set by 
the feedback resistor R F and the input resistor R IN 
determines the slew rate of the negative output supply 

"Vsout • 

25 It is noted that the slew rate control circuitry 300 

provides closed loop control of the negative output 
supply slew rate. The output of the master positive 
supply is connected via the level shifter 302 to the 
input resistor R IN , which functions as the input of a 
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negative supply slew rate control loop 304. In the 
presently disclosed embodiment, the control loop 304 of 
the negative supply slew rate comprises the feedback 
resistor R F connected across the gate and the drain of the 
5 NMOS transistor M 3 . 

Fig. 4 depicts a more detailed embodiment 4 00 of the 
slew rate control circuitry 300 (see Fig. 3) . In the 
illustrated embodiment, the slew rate control circuitry 
400 comprises an NMOS FET M 4 , level shifting circuitry 

10 402, an input resistor R IN (e.g., R IN = 80 KQ) , a feedback 
resistor R F (e.g., R F = 240 KQ) , a bias current source 
406, and a load resistor R L .« The constant negative input 
supply voltage -V S i n (e.g., -V S i n = -12 volts) is connected 
to the source of the NMOS transistor M 4 , and the negative 

15 output supply voltage -V Sou t (e.g., -V SO ut = -12 volts) is 
provided across the load resistor R L connected to the 
drain of the transistor M 4 . 

As shown in Fig. 4, the positive output supply 
voltage +V Sout (e.g., +V SO ut = +12 volts) is provided at a 

20 resistor R408 (e.g., R408 = 48 KQ) corresponding to the 
non-inverting input of the level shifter 402. Further, 
the constant negative input supply voltage -V S i n (e.g., - 
V S in = -12 volts) is provided at a resistor R410 (e.g., 
R410 = 40 KQ) of the level shifter 402, thereby 

25 representing the positive input supply voltage +V S i n 
(e.g., +Vsin = +12 volts) provided to the inverting input 
of the level shifter 302 of Fig. 3. As described above 
with reference to Fig. 3, the positive output supply is 
the master supply, which applies a voltage to the level 
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shifter 4 02 that is controlled to ramp up from 0 to +V SO ut. 
The resistors 408 and 410 level shift this master ramp 
voltage from +V S0 ut to the common mode negative input 
supply voltage -V sin . 
5 The slew rate control circuitry 400 further 

comprises a negative supply slew rate control loop 404 
including the feedback resistor R F and a resistor R412 
(e.g., R412 = 90 KQ) . It is noted that current summed at 
the input of the negative supply slew rate control loop 

10 404 provides a " virtual node" as a swivel point. This 
current causes a voltage to develop across the resistor 
412' to level shift the virtual node and to generate 
compensation for the gate-to-source voltage (Vgs) of the 
NMOS transistor M 4 , thereby assuring ratio-metric control 

15 and a first-order cancellation of process and temperature 
variations of Vgs. The bias current source 406 comprises 
an NMOS current mirror configured to generate a current 
lis for producing the compensating level shift voltage. 

It is further noted that the NMOS transistor M 4 

20 functions as a stable single gain stage within the slew 
rate control circuitry 400 (see Fig. 4) . Accordingly, 
the NMOS transistor M 4 is operative to perform as a stable 
linear voltage tracking amplifier for controlling the 
slew rate of the negative output supply -V SO ut- 

25 The following are representative expressions of the 

current (I in ) through the resistor R408, the voltage (V a ) 
at node A, the voltage (V b ) at node B, the current (I os ) 
through the resistor R414, and the current (Ii s ) generated 
by the NMOS current mirror: 
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Im = +12V out /48k (1) 
V a = I in (801c||40k) = I in (26.7k) (2) 
V b = 1. 5V(165k/75k) , above -12V in (3) 
Ios = 1.5V/75k (4) 
5 lis = [ (1.5V/75k) *165k-Vgs] /90k (5) 

Moreover, the following are representative 



calculations relating to the gain and offset of the slew 
rate control circuitry 400: 
GAIN : 

10 I in = ( + 12V out ) /48k 

Req = (80k||40k) = 26.7k @ Va 

V a = (Im) (Req) = ( + 12Vout) (26.7k/48k) 

-V SO ut= - (Va/80k) (240k) <=> 

-V SO ut= -3 (+12Vout) (26.7k/48k) <=> 

15 -V SO ut« -1.5 ( + 12V out ) (6) 

OFFSET: 

Ios = 1.5V/75k 

V d = V c = Ios (165k) 

lis = (V d -Vgs) /90k o 
20 I l8 = [ (1.5V/75k)*165k-Vgs]/90k 

V b = Vgs + lis (90k) <=> 

V b = 1.5V(165k/75k) (7) 
Fig. 5 depicts an alternative embodiment 500 of the 
slew rate control circuitry 400 (see Fig. 4) . In the 
25 illustrated embodiment, the slew rate control circuitry 
500 comprises an NMOS FET M 5 , an input resistor R IN , a 
feedback resistor R F , a buffer 520, a controlled bias 
current source 506, and control logic 530. The constant 
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negative input supply voltage -V S i n (e.g., -V S i n = -12 
volts) is connected to the source of the NMOS transistor 
M 5/ and the negative output supply voltage -V Sout (e.g., - 
Vsout = -12 volts) is provided at the drain of the 
5 transistor M 5 . Moreover, a control loop 504 of the 
negative supply slew rate comprises the feedback resistor 
R F , the buffer 520, and a switch SW1 connected between the 
output of the buffer 520 and the gate of the NMOS 
transistor M 5 . 

10 The operation of the switch SW1 and the bias current 

source 506 is controlled by the control logic 530. 
Specifically, when a logical high control signal is 
applied to an Enhance input, the control logic 530 is 
operative to open the switch SW1 as the level of the 

15 negative output supply voltage -V Sou t ramps to a 
predetermined level of the negative input supply voltage 
-V S in, thereby disconnecting the slew rate control after 
the voltage ramp completes. It is noted that the slew 
rate control may be disconnected via the switch SW1 after 

20 the voltage ramp completes and after a predetermined time 
delay. Three stages of current (e.g., 250 nA, 250 nA, 
and 1 |XA) are then applied to the gate of the NMOS 
transistor M 5 to ramp up the gate to 0 volts in a 
controlled manner. The control logic 530 includes a 

25 counter 531 operative to turn-on each current stage in 
predetermined increments of time, e.g., 2 msec steps. 

For example, in a first step, 250 nA may be applied 
to the gate of the transistor M 5 ; in a second step, 
another 250 nA may be applied to the gate of the 
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transistor M 5 ; and, in a third step 1 \aA may be applied to 
the gate of the transistor M 5 , thereby applying a total of 
1.5 |xA to the transistor gate. In effect, the bias 
current source 506 in conjunction with the control logic 
5 530 functions as an overdrive circuit that is activated 
after the voltage ramp completes to provide an overdrive 
signal to the gate of the transistor in sequenced steps. 
This progressive application of current to the transistor 
gate via the overdrive signal avoids large in- rush 

10 current spikes on the negative input supply, while 
enhancing the NMOS transistor M 5 to reduce the on- 
resistance between the drain and source (Rdson) of the 
transistor and thus reduce the voltage drop across the 
negative supply interface. 

15 It will further be appreciated by those' of ordinary 

skill in the art that modifications to and variations of 
the above-described linear voltage tracking amplifier for 
negative supply slew rate control may be made without 
departing from the inventive concepts disclosed herein. 

20 Accordingly, the invention should not be viewed as 
limited except as by the scope and spirit of the appended 
claims . 
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